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 ABSTRACT: It is widely accepted that corals are associated with a diverse and host species-specific 
microbiota, but how they are organized within their hosts remain poorly understood. Previous sampling 
techniques (blasted coral tissues, coral swabs and milked mucus) may preferentially sample from 
different compartments such as mucus, tissue and skeleton, or amalgamate them, making comparisons 
and generalisations between different studies difficult. This study characterized bacterial communities 
of corals with minimal mechanical disruption and contamination from water, air and sediments from 
three compartments: surface mucus layer (SML), coral tissue and coral skeleton. A novel apparatus (the 
‘snot sucker’) was used to separate the SML from tissues and skeleton and these three compartments 
were compared to swab samples and milked mucus along with adjacent environmental samples (water 
column and sediments). Bacterial 16S rRNA gene diversity was significantly different between 
different coral and environmental compartments (PERMANOVA, F = 6.9, df = 8, p = 0.001), the only 
exceptions being the complete crushed coral samples and the coral skeleton which were similar, 
because the skeleton represents a proportionally large volume and supports a relatively rich microflora. 
Milked mucus differed significantly from the SML collected with the ‘snot sucker’ and was 
contaminated with zooxanthellae, suggesting that it may originate at least partially from the gastro-
vascular cavity rather than the tissue surface. A common method of sampling the SML, surface swabs, 
produced a bacterial community profile distinct from the SML sampled using our novel apparatus and 
also showed contamination from coral tissues. Our results indicate that microbial communities are 
spatially structured within the coral holobiont and methods used to describe these need to be 
standardised to allow comparisons between studies.  
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INTRODUCTION 
 
Recent advances in molecular ecology have shown that corals are associated 
with a diverse microbiota encompassing viruses (Wilson et al. 2001, 2005; Davy et al. 
2006; Marhaver et al. 2008; Claverie et al. 2009), fungi (Le Campion-Alsumard et al. 
1995; Priess et al 2000; Ravindrum et al. 2001; Golubic et al. 2005; Rypien and Baker 
2009; Kirkwood et al. 2010; Rivest et al. 2010), protozoa (Toller et al. 2002; Croquer 
et al. 2006; Dong et al. 2009; Sebastian et al. 2009; Stat et al. 2009), bacteria 
(Kooperman et al. 2007; Rosenberg et al. 2007; Smith et al. 2007; Kimes et al. 2010) 
and archaea (Kellogg 2004; Rohwer and Kelley 2004; Wegley et al. 2004). There is 
growing evidence that some of these microbial associates play important roles in coral 
physiology and health (Rosenberg et al. 2007; Bourne et al. 2009). For example, 
bacterial associates of corals may be important in nutrient cycling (Wild et al. 2004, 
2009; Naumann et al. 2009), N-fixation (Lesser et al. 2007a) and antibacterial activity 
(Ritchie 2006). It has also been shown that these microbial-coral associations can be 
altered due to environmental stress (Ritchie 2006; Bruno et al. 2007; Miller et al. 
2009), potentially enhancing opportunistic infections (Lesser et al. 2007b). 
 
Thermal anomalies are expected to increase in both frequency and intensity because 
of climate change (Hoegh-Guldberg 1999; Hoegh-Guldberg et al. 2007), which will 
impose additional stress on corals and their microbial partners with uncertain 
consequences for the coral holobiont (Bourne et al. 2009). Given the importance of 
environmentally-driven shifts in microbial communities for coral health, it is 
imperative to understand the structure and function of these communities within the 
 coral host. A detailed characterization of these assemblages and an accurate 
comparison with the surrounding environment (e.g., water and sediments) will be 
important for detecting shifts from a healthy to an unhealthy state under 
environmental stress, even before disease signs become evident. Understanding these 
coral microbial assemblages requires an understanding of spatial organization, since 
different coral compartments (e.g., mucus, tissue and skeleton) may represent habitats 
with a unique set of features, microbial associates and independent responses to 
change.   
 
Microhabitat partitioning is thought to strongly influence the composition of 
microbial communities, the contribution of the microbial community to host 
physiology, and the role of the host within the ecosystem (Ainsworth et al. 2010). 
Three distinct microbial habitats are provided by a coral: (1) the surface mucus layer 
(SML), (2) coral tissue, and (3) the skeleton. The SML provides an excellent 
illustration of how variable the environmental conditions for coral-associated 
microbial communities are. Corals produce a SML which can vary in thickness and 
has a variety of functions (Brown and Bythell 2005; Jatkar et al. 2010). This layer is 
generated and continuously replaced to remove particles from the coral surface by 
secretion of mucus by mucocytes and presents a specific, highly variable environment 
for associated bacteria. Because the O2 saturation levels in the SML vary diurnally 
from supersaturated to virtually anoxic (Shashar et al. 1997), the SML may be a 
hostile environment for some bacteria but favourable to others. The SML may also be 
complex and show variation in structure and function, perhaps with different layers 
with different properties and functions (Brown and Bythell 2005).  In addition, corals 
may inhibit bacterial growth in the SML by altering the composition of the mucus and 
 through the use of antimicrobial compounds produced by the coral or its microbial 
residents (Ritchie 2006). As well as inhibiting bacterial growth with antibiotics, corals 
may encourage the growth of some microbes by providing fixed carbon in the form of 
mucus and soluble lipids that are also secreted by the coral and may represent a 
substantial proportion of the total carbon released, the remainder being 
mucopolysaccharides (Crossland et al. 1980, 1984; Rohwer and Kelley 2004).  
 
In contrast to the SML, microbial communities in the coral tissues are embedded 
within a more stable matrix, one which is not constantly being replaced. However, the 
tissue will be an anaerobic environment during the night. Despite a number of studies 
refereing to ‘coral tissue’ microbial associates (Lesser et al. 2004; Bourne and Munn 
2005; Koren and Rosenberg 2006), sampling protocols vary, with different degrees of 
possible contamination from other sources, resulting in few studies empirically 
demonstrating microbial communities ‘within’ the tissues (Lesser et al. 2004) and 
instead showing those ‘associated’ with them. However the degree of spatial 
association is not always clear. For instance, bacterial community profiles detected 
using airbrushing techniques (Bourne and Munn 2005), have been shown to be 
significantly different from those in the mucus, however this method will likely 
introduce contaminants from other compartments, namely that of the skeleton. Yet 
despite this limitation the findings of distinct communities, particularly from that of 
the SML, suggests compartmentalisation of bacterial communities within the 
holobiont. There is further evidence that the unique microbial community of the 
tissues is maintained through space and time, with distinct bacterial communities 
associated with different coral species (Rohwer et al. 2002). However, there are some 
inconsistencies in the literature with regard to bacterial abundance of coral-associated 
 microbes, for example, Ainsworth et al. (2006) showed that bacterial populations 
associated with the host tissues were typically sparse in healthy corals and where they 
do occur, they often appear in discrete, compartmentalised clusters within the 
endoderm (Ainsworth and Hoegh-Guldberg 2009). As well as closely associated 
microbes, the tissues will include microbes present in the gastro-vascular cavity that 
have been ingested via particulate feeding (Herndl and Velimirov 1985; Herndl et al. 
1985; Bythell et al. 2002).  
 
Coral skeletons are porous structures and, like the tissues, may provide a stable 
protected environment for its resident microbiota, isolated from the ambient seawater 
(Shashar et al. 1997). Endolithic algae dominated by cyanobacteria (genus 
Ostreobium) within the coral Oculina patagonica have been shown to provide photo-
assimilates to the coral tissue (Fine and Loya 2002). During times of stress and 
subsequent loss of zooxanthellae, these endolithic algae may provide significant 
resources to the coral (Fine and Loya 2002; Fine et al. 2004, 2005). Such interactions 
may therefore be advantageous and explain why this coral species in particular has a 
high rate of recovery from annual bleaching. The skeletal habitat may also provide a 
refuge from grazing, with as little as 4% of fish bites penetrating deep enough into the 
skeleton to expose the endolithic algae (Shasher et al. 1997). With the tissues filtering 
out virtually all ambient UV radiation (Shashar et al. 1997), the skeleton provides a 
shaded habitat for its residents, sheltering them from the potentially damaging effects 
of solar radiation.  
 
There is wide agreement that to understand coral diseases, we must have a systematic 
understanding of the healthy coral microbiota (Klaus et al. 2005; Guppy and Bythell 
 2006; Ritchie 2006; Gil-Agudelo et al. 2007). However, different methods of sample 
collection may sample different compartments within the coral-microbial landscape 
and cross-contamination among compartments may also occur (Table 1). During 
collection, coral samples can also be easily contaminated with microorganisms from 
the surrounding water and suspended sediments (Johnston and Rohwer 2007). In this 
paper we describe a new method that allows minimal outside contamination and little 
disturbance at time of collection, to more accurately describe healthy microbial 
communities and their spatial arrangement within the coral holobiont. This method 
aimed to characterize bacterial communities of the outer SML, the coral tissue and 
skeleton, and these compartments were compared to existing methods including 
whole coral (crushed) samples, coral surface swabs and milked mucus.  All samples 
were compared to environmental samples (the surrounding water column and adjacent 
sediments) to aid in the understanding of benthic-pelagic transfer of particular 
bacterial ribotypes.  
 
MATERIALS AND METHODS 
 
Sample collection 
 
In order to characterize and compare the bacterial assemblages from different 
coral compartments with those that surround the coral (water column and the 
sediments), a novel apparatus (the “snot sucker”) was designed. Corals were collected, 
mounted onto a screw cap system and returned to the reef untill collection. This 
device comprised a 50 ml falcon tube with two 3 - way valves grafted onto it, one at 
the bottom and one at the top. A 60 ml syringe, with tubing, was attached to the 
 bottom stopper valve allowing filtered water to be flushed over the coral and the 
loosely-attached surface mucus layer (SML) collected via the top valve. This was then 
filtered through a 0.22 µm polycarbonate filter; EtOH was added and stored at –20 º C 
(Fig. 1). All nubbins (ca. 5 cm long) used in this experiment were collected from a 
single colony of Acropora muricata (= formosa). We sampled only one colony to 
reduce between-colony variation of microbial communities reported in different 
studies (Rohwer et al. 2002; Guppy and Bythell 2006). 
 
Four sets of sample (each n = 4) were collected from the reef flat at Heron Island (23 ° 
27’ S, 151° 55’ E); 1) 5 cm complete coral nubbins were collected, placed in ethanol 
for storage and crushed using a sterile pestle and mortar. These sets of samples 
contained a mixture of microbial communities associated with the mucus, the coral 
tissue and the coral skeleton. 2) Milked mucus was sampled from a second set of 
nubbins by inverting them for 2 min in air to collect the mucus draining from the coral. 
For this compartment, DNA extraction was unsuccessful from one sample giving only 
three replicates. 3) A set of nubbins was collected and enclosed within the snot sucker 
in situ to avoid air exposure. A sterile syringe was then used to sample the water and 
loosely-associated SML surrounding the coral by flushing repeatedly three times, then 
filtering though a 0.22 µm polycarbonate filter. These ‘first-round snot sucked’ 
samples (1
st
 RSS) represented microbial communities associated with the SML but 
may have had minor contamination from the surrounding water column. A further 
sample was obtained, the ‘2
nd
 round snot sucked samples’ (2
nd
 RSS), by adding 60 ml 
of 0.22 µm filtered water, which also was flushed through the chamber three times. 
This allowed sampling of any remaining loosely associated SML bacterial 
assemblages without potential contamination from the water column. After the 2
nd
 
 RSS collection was completed, the tissue layer was airbrushed off using compressed 
air and a sterile air pick directly into an autoclaved bag. A sterile blade was used to 
collect the tissue slurry into eppindorf tubes, filled with EtOH and stored for later 
extraction and microbial characterization of this coral tissue blastate. The remaining 
coral skeleton samples were then crushed using an autoclaved pestle and mortar and 
placed within separate eppindorfs with EtOH. All samples were stored at -20º C until 
further extraction and analysis. 4) Coral swabs were also collected from the same 
colony following the protocol outlined by (Guppy and Bythell 2006).  
 
In addition to coral samples, the water column and the sediments were sampled 
alongside the coral. The water column was collected using a peristaltic pump 
(Masterflex E/S) and polytetrafluoroethylene (PTFE) tubing directly and continuously 
sampled onto 0.22 μm Sterivex filters stored on ice, to determine the bacterial 
diversity surrounding the corals (a potential supply of coral associated bacteria). 
Sediment samples were collected in situ in sterile eppindorf tubes and the water was 
replaced with EtOH in the lab.  
 
Bacterial diversity, DNA extraction, amplification and DGGE analysis 
 
The structure of microbial assemblages collected from these respective coral 
and environmental samples (coral tissue, milked mucus, 1
st
 RSS, 2
nd
 RSS, complete 
crushed coral, coral skeleton, swabs water column and sediment) were determined 
using standard molecular techniques and further compared using multivariate statistics 
(see below). DNA was extracted from all samples using QIAGEN DNeasy Blood and 
Tissue kits with an added step to concentrate the lysate using a vacuum centrifuge for 
 2 hrs at 24° C. Bacterial 16S rRNA gene diversity was amplified using standard 
prokaryotic (357F) (5´-CCTACGGGAGGCAGCAG- 3´) and (518R) (5’-
ATTACCGCGGCTGCTGG-3’) primers. These primers were chosen over more 
traditional ones as they have been recently shown (Sanchez et al. 2007) to more 
comprehensively amplify marine bacteria compared to inadequacies and mismatches 
caused by those such as 907r (pC) (Muyzer et al. 1993; Guppy and Bythell 2006; 
Sanchez et al. 2007).  The GC – rich sequence 5’ – CGC CCG CCG CGC GCG GCG 
GGC GGG GCG GGG GCA GCA CGG GGG G-3’ was incorporated in the forward 
primer 357 at its 5’ end to prevent complete disassociation of the DNA fragments 
during DGGE. Thirty PCR cycles were performed at 94º C for 30 seconds, 53º C for 
30 seconds and 72º C for 1 min and a final extension at 72º C for 10 min (Sanchez et 
al. 2007). Three independent 30μl PCR reactions was used, each containing 1.5 mM 
MgCl2, 0.2 mM dNTP (PROMEGA), bovine serum albumin (BSA, 400 ng μl
-1
), 0.5 
mM of each primer, 2.5 U of Taq DNA polymerase (QBiogene), incubation buffer, 
and 20 ng of template DNA (Siboni et al. 2007). These replicate PCR’s for each 
sample were then combined and cleaned using QIAGEN QIAquick PCR purification 
kit, reducing the final volume to 15 µl in Sigma molecular grade H2O. All reactions 
were performed using a Hybraid PCR Express thermal cycler. PCR products were 
verified by agarose gel electrophoresis (1.6% (w/v) agarose) with ethidium bromide 
staining and visualized using a UV transilluminator. 
 
DGGE was performed using the D-Code universal mutation detection system (Bio-
Rad). PCR products were resolved on 10% (w/v) polyacrylamide gels that contained a 
30–60 % denaturant gradient for 13 h at 60° C and a constant voltage of 50 V. Gels 
were stained with a concentrated solution of 9 µl Sybr® Gold (Sigma) in 50 µl of 1X 
 TAE poured directly onto the gel surface, covered and left in the dark for 20 min then 
further washed in 500 ml 1X TAE for 30 min and visualized using a UV 
transilluminator. Bands of interest (those which explained the greatest 
differences/similarities between samples) were excised from DGGE gels, left 
overnight in Sigma molecular grade water, vacuum centrifuged, re-amplified with 
primers 357F and 518R, labelled using Big Dye (Applied biosystems) transformation 
sequence kit and sent to Genevision (Newcastle University UK) for sequencing. 
Bacterial operational taxonomic units (OTUs) (Guppy and Bythell 2006) were defined 
from DGGE band-matching analysis using Bionumerics 3.5 (Applied Maths BVBA). 
Standard internal marker lanes were used to allow for gel-to-gel comparisons. 
Tolerance and optimisation for band-matching was set at 1 %. 
 
Statistical analysis 
 
A one-way permutation analysis of variance (PERMANOVA, Anderson 2001) 
based on Bray-Curtis similarities was performed to test differences between the 
bacterial 16S rDNA assemblages associated with different compartments and 
environmental samples. Pair-wise comparisons based on permutation were conducted 
to test differences among each combination of sample types (Anderson 2001). A non 
metric multidimensional scaling (MDS) was used to represent each sample type on a 
2-D plot and clusters were overlaid based on a similarity profile (SIMPROF, (Clarke 
and Warwick 2001) analysis. An analysis of contribution to similarities (SIMPER) 
was performed to determine which 16S rDNA ribotype best explained dissimilarities 
among sample types that were statistically different. In addition, Pearson coefficients 
were calculated between centroids of each sample type and represented in a cluster 
 diagram to visualize their correlations. Diversity of bacterial communities associated 
to each sample type was also compared using a one-way PERMANOVA based on 
Euclidean distances (Anderson 2001). Pair-wise comparisons based on permutation 
were conducted to test differences among each combination of sample types 
(Anderson 2001). Note that because of inherent bias with the DGGE technique, 
whereby only the most abundant amplicons can be represented on the gel, higher H
1 
values may result mainly from a lack of dominance (greater evenness) rather than 
greater species richness, which will be poorly resolved (if at all) by the DGGE 
technique.  
  
RESULTS 
 
Comparison between coral compartments 
 
As the 1
st
 and 2
nd
 RSS were similar (Fig. 2 and 3a, Table 2), the 2
nd
 RSS was 
used as a representation of the loosely-associated mucus layer (SML). Coral 
compartments (SML, tissue and skeleton) showed significant differences, with the 
SML being significantly different from both the coral tissue (p = 0.03) and the 
skeleton (p = 0.04) (Table 2). Sequencing of dominant OTU’s from the DGGE (Fig 2 
and 3) showed that despite similarities in DGGE banding patterns, most of the 
dominant ribotypes found in each of these compartments were distinct, with some 
occurring only in specific compartments whilst others were found routinely 
throughout (Table 3, Fig 2). Six ribotypes related to Chloroflexi (EU909941), 
Sphingobacterium sp. (AF260710.1), Shawanella sp. (EU919217), Roseobacter sp. 
(EF441565), Pseudidiomarina sp. (FJ887948) and Pseudoalteromonas sp. 
 (DQ665793) were found only in the SML, cyanobacterial ribotypes closely related to 
GQ346809 and FJ967973 and an α-proteobacterium (AB254287) were found in all 
three compartments (Fig. 3b). Ribotypes similar to Pseudidiomarina sp (FJ887948) 
(Fig 3c) was dominant within both the SML and coral tissue blastate whilst ribotypes 
similar to Proterythropsis sp. (FJ947037), Lactobacillus sp. (DQ336385 & 
DQ336384), Klebsiella sp. (GQ471864) (Fig 3d), Aeromonas sp. (EU919223), 
Burkholderia sp. (EU876657), Streptococcus sp. (DQ001071) and Trichococcus sp. 
(EU919224) were found in both the coral skeleton and the coral tissue blastate but 
appeared to be absent from the SML (Table 3).  
 
Comparison between environmental samples and coral compartments 
 
Bacterial 16S rRNA gene profiles were significantly different between coral 
and environmental samples (PERMANOVA, F = 6.9, df = 8, p = 0.001, Table 4, Fig. 
2), with 60% of the total variance being explained by differences found between 
sample types. This result suggests that spatial organization of microbial communities 
within the coral is complex yet ultimately remains distinct from that of the 
environmental samples. Microbial communities from all coral compartments were 
significantly different to the water column (p ≤ 0.03) (Table 2). Average similarity 
between the water column and coral compartments was variable, ranging from 24 
(milked mucus) to 40 % (1
st
 RSS, Table 2). Sediment samples also showed distinct 
bacterial communities, with average similarity being low (18-25%) when compared to 
coral compartments (Table 2). Several of the detected ribotypes were unique to the 
water column (Table 3), whereas ribotypes associated with the coral were generally 
present in more than one compartment within the coral. The water column was 
 dominated by α-proteobacteria ribotypes (EF092739, FJ718457, EF441565 and 
GQ350573) and the dominant ribotype present within this environmental sample 
(DGGE, Band 40, Fig. 2) was a ribotype closely related to a Bacteroidetes sp. 
(AM238600.1) (Fig 3e). Conversely, few ribotypes were found solely associated with 
the sediment. Ribotypes similar to a Sphingomonadaceae sp. (FJ685921.1) and a β – 
proteobacterium (AF419359.3) were the only two.  
 
Despite the significant differences in bacterial ribotype composition shown on the 
MDS plot (Fig 3a), there were certain ribotypes found in common between the coral 
compartments (most commonly the SML) and the environmental samples (sediment 
and water column).  These were largely γ-proteobacteria, including ribotypes similar 
to Shawanella (EU919217.1), Pseudidiomarina (FJ967973.1) and Pseudoalteromonas 
(DQ665793.1) (Fig. 3f). A ribotype similar to a Roseobacter sp. (EF441565) (Fig. 3g) 
was dominant within both the SML and the sediment samples. Appearance of 
ribotypes within both the sediment and SML is not unexpected as the outer surface 
would be exposed to re-suspended sediments on a daily basis in these shallow reef 
environments.   
        
  Comparison between techniques 
 
The various techniques showed distinct bacterial communities (Figs. 2 and 3). 
16S rDNA ribotypes detected in the 1
st
 and 2
nd
 RSS were identical and distinct from 
those of the water column (Table 2). This indicates that there was little contamination 
from the water column in RSS samples and further indicates that the snot sucker 
sampled a loosely-associated SML that was distinct to the adjacent water column.  
  
The milked mucus technique showed 16S rDNA composition that was significantly 
different from the water column (PERMANOVA p = 0.04), those of the 1
st
 and 2
nd
 
RSS (PERMANOVA p = 0.02 and p = 0.03 respectively) and swab samples 
(PERMANOVA p = 0.04), suggesting that this technique may not provide an accurate 
sample of the SML microbial community (Table 2). Instead, the milked mucus 
appears to have its own distinct microbial assemblage seen in the MDS ordination 
(Fig 3a) and 16S rRNA gene fingerprint (Fig. 2). The milked mucus profiles is more 
similar to those of the complete crushed coral samples and the coral skeleton, than the 
other mucus samples (Fig. 3), although remaining significantly different to each (p = 
0.03, Table 2). In addition, the milked mucus samples showed presence of symbiotic 
algae (Fig. 2). In combination, this suggests that milked mucus may be more 
representative of the coral’s gastro-vascular cavity than that of the SML.  
 
The lowest similarities between sample types were found consistently between the 
swabs and the other sample types, with average similarity seldom exceeding 25%. 
This method detected significantly lower 16S rRNA gene diversity than shown in the 
RSS samples (Fig. 4), and may include contamination of bacteria from other sources 
with swab profiles being (35%) similar to sediment samples for example. The 
presence of DNA from the symbiotic dinoflagellates (Fig. 2) also indicates 
contamination from the coral tissues, as seen in milked mucus samples. The higher 
diversity seen in both RSS samples did not arise from contamination either from the 
coral tissue or the water column samples since very few ribotypes were detected in 
common between these samples (Fig. 2, Table 3).  
 
 The Shannon-Weiner diversity varied significantly between different techniques 
(PERMANOVA F = 24.264 p = 0.001). The 1
st
 and 2
nd
 RSS were the most diverse of 
samples, whilst milked mucus and swabs were the lowest. The overall diversity of the 
compete crushed coral is more closely related to that of the coral skeleton and 
therefore supports the theory that complete crushed coral samples represent the coral 
skeleton more than the tissue or SML bacterial communities (Fig. 4).  
 
DISCUSSION 
 
Differences in bacterial communities between coral compartments and 
the surrounding environment 
 
This study demonstrates that bacterial communities differ between 
compartments within the coral holobiont. Significant differences were shown between 
all coral compartments and those of the surrounding environmental samples, 
supporting previous conclusions that the coral harbours and maintains a distinct 
microbial flora (Rohwer et al. 2001; Frias-Lopez et al. 2002; Guppy and Bythell 
2006). There are numerous possible delivery sources of bacteria to the SML, such as 
passive settlement from the water column (Guppy and Bythell 2006), deposited faecal 
matter and re-suspended sediments from the benthos, all of which may pass on 
specific bacterial species to the SML. The ‘surface associated microbial communities’ 
routinely described on corals are likely not to be made up entirely of bacterial 
associates, with strong evidence reported here for a significant proportion of these 
being transient bacteria from other environmental sources. Specific ribotypes found in 
this study, such as Bacteroidetes sp. (Kvennefors et al. 2010) and Sphingobacterium 
 sp. (Ritchie 2005) have previously been suggested to be transients within the coral 
SML, which are highly likely to be temporarily trapped within the mucus and 
originate from the water column. However, there were also clear differences between 
the SML and environment-associated bacterial communities, indicating development 
of a distinct and relatively diverse bacterial community within the SML. 
 
Adjacent sediment particles are known to be swept along the surface of the coral by 
the combined effects of enmeshing coral mucus and ciliary beating (Johnston and 
Rohwer 2007) so this material would be included in any SML sample collected. 
Conversely, the process of benthic - pelagic coupling reported by Wild et al. (2004), 
whereby mucus strands released from the coral are filtered through lagoonal sands, 
would be expected to be reflected in sediment samples, with these sharing similar 
ribotypes to that of the corals mucus (Wild et al. 2004; Naumann et al. 2009). In 
comparing the microbial diversity of the sediments and other benthic surfaces with the 
SML, researchers would be able to determine which bacterial strains may be 
symbiotic and which are merely transient and found normally on these other surface 
types (i.e., not symbiotic but passively settled for a period of time on the coral 
surface). In addition, the cross over of certain species between the SML and sediment 
samples suggests that studies which investigate opportunistic pathogenesis and 
bacterial vectors may find it beneficial to study adjacent sediments at times of 
increased disease, or as primary colonisers of newly available habitats in altered 
environmental conditions.  
 
The DGGE method emphasises the dominant fractions of the ribosomal rRNA gene 
pool present within each compartment and environmental samples studied. The 
 differences and similarities between these compartments can be seen by the presence 
and relative intensity of particular bands of the different ribotypes. Bourne and Munn 
(2005) used both culture-based and culture independent techniques to investigate the 
microbial community in the reef building coral Pocillopora damicornis. They found 
that the majority of clones obtained from the coral tissue were dominated by γ-
proteobacteria, whereas the bacteria within the coral mucus and the water column 
were dominated by α-proteobacteria (Bourne and Munn 2005). Although the present 
study only applied culture-independent molecular techniques, we found a similar 
trend, wherein the water column was represented predominantly by α-proteobacteria, 
and the tissues dominated by γ-proteobacteria. Conversely, the SML was relatively 
more diverse with representatives from both these groups as well as several others.  
 
While several ribotypes were shown here to be common to a number of coral 
compartments, specific ribotypes associated only with coral tissues were also found, 
which may represent specific coral-bacterial associations. A ribotype related to 
Trichococcus (EU919224) was found only in the coral tissue, while a number of 
ribotypes were found only in coral tissues, skeleton and complete coral such as 
Pseudidiomarina sp. (FJ887948), Proterythropsis sp. (FJ947037), Lactobacillus sp. 
(DQ336385 & DQ336384), Streptococcus sp. (DQ001071) and Alcaligenes sp. 
(EU876658).  Interestingly, four ribtypes related to Chloroflexi (EU909941), 
Sphingobacterium sp. (AF260710), Roseobacter sp. (EF441565) and 
Pseudoalteromonas sp. (DQ665793) were found only in the SML, all of which have 
previously been reported to be associates with coral and sponge microbial 
communities (Rohwer et al. 2001; Ritchie 2005; Webster and Bourne 2007; Raina et 
al. 2009). These ribotypes may represent specific associates adapted to these 
 particular microbial niches (Ritchie and Smith 2004). For example Roseobacter sp. 
and Pseudoalteromonas sp. are able to metabolise an organic sulphur compound 
(dimethylsulfoniopropionate), produced in large quantities by the corals’ symbiotic 
algae (Raina et al. 2009), showing the potential importance of coral reefs in sulphur 
cycling. Although several cyanobacterial species (some species of which have been 
linked with coral disease, Cooney et al. 2002) were detected in the coral skeleton 
(GQ346809 & FJ967973), none of these were solely found within this coral 
compartment, perhaps reflecting the close association the skeleton has with the 
surface tissues (Fine and Loya 2002).                                             
 
The importance of sampling techniques in characterisation of coral 
associated bacterial communities.  
 
In this paper we used four sampling protocols to investigate coral associated 
microbes: (a) whole coral (including underlying skeletal material) pestle-grinding 
(Cooney et al. 2002), (b) airbrushing of soft tissues (Rohwer et al. 2002) (c) milking 
(in air) of coral surface mucus (Allers et al. 2008) and (d) swabbing of the coral 
surface (Guppy and Bythell 2006; Lampert et al. 2008). These protocols are prone to 
microbial contamination from surrounding seawater, but more importantly the 
physical organization of any coral-associated community would likely be disrupted by 
most of these sampling regimes. 
 
We found significant differences between the two most commonly used techniques 
for sampling the SML; milked mucus and coral swabs (Wild et al. 2004; Guppy and 
Bythell 2006; Allers et al. 2008), which alone highlights the importance of choosing 
 the right technique depending on particular questions addressed in future studies. The 
presence of symbiotic dinoflagellate DNA in both the swab samples and milked 
mucus suggests that these techniques result in significant contamination from the 
coral tissues. The absence of these bands within the novel methodology, (1
st
 and 2
nd
 
RSS) and the distinct ribotype profiles, indicating a lack of contamination from either 
the water column or the coral tissues, suggest this novel methodology to be a more 
accurate method for sampling the loosely-attached mucus layer. Added to this, the 
low diversity found within the milked mucus and swab samples compared to those 
found within the 1
st
 and 2
nd
 RSS suggests that these previously used methods might 
not be detecting the complete bacterial diversity present. We suggest that milked 
mucus may actually be a better representation of the coral’s gastro-vascular cavity 
microflora rather than that present within the SML. Studies on the microflora of the 
corals’ gastro-vascular cavity are limited, but it is known to contain large numbers of 
bacteria (Herndl and Velimirov 1985; Herndl et al. 1985) and this would be included 
in whole coral samples as well. 
 
The coral swabs, along with picking up tissue contaminants, appeared to show closer 
similarities to adjacent sediment samples which may also be contaminants. Since the 
sediment often comes into contact with the corals either directly from the base or 
driven by wind and wave action, links between the SML and bacteria originating from 
the sediment would not be unexpected (Johnston and Rohwer 2007). However, the 
coral swab community profiles were also significantly different to either milked 
mucus or the ‘snot sucker’ samples and also appeared to under-represent the diversity 
present.  
 
 In conclusion, the use of the novel snot sucker methodology can allow coral 
samples to be collected either in situ from the field or from tank experiments quickly, 
with minimal exposure to potential contaminants and while minimising the loss of 
loosely-associated bacteria during collection and transport. Significant differences 
found using this technique (those from the 1
st
 and 2
nd
 RSS) compared to techniques 
previously utilised in studying the SML bacterial diversity (milked mucus and swabs), 
suggests that these latter sampling methods may have underestimated the diversity of 
bacteria found within the SML. Added to which the presence of symbiont sequences 
within these samples indicates coral tissue contamination. No matter what technique 
is used, significant differences between the community structure of the SML and 
tissues are found. Given this, researchers should carefully evaluate their choice of 
sampling method and be hesitant to compare and make conclusions about other 
datasets which use different techniques for microbial composition analysis. Despite 
this, however, it is clear that the SML’s bacterial community is highly diverse 
compared to that of the water column but does share some similar bacterial ribotypes, 
although it clearly houses its own unique ribotypes which were not detected in other 
compartments. The significant difference between all coral compartments and the 
environmental samples found in this study shows that even when using a more 
stringent technique to study the SML, the coral appears to be retaining and 
maintaining its own distinct and diverse bacterial community.   
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 FIGURE LEGENDS 
 
Figure 1. Illustration of new methodology (the ‘snot sucker’) used to 
compartmentalise bacterial communities within the coral holobiont. Corals can be 
collected insitu or invitro within enclosed chambers, whilst underwater therefore 
minimising disruption of loosely associated microbes during collection and transport. 
Each chamber was used only once or sterilized to prevent cross over contamination. 
Top stopcock opened at same time as bottom to allow syringed water to flow over 
coral nubbin, then washed back again into the syringe and filtered through 0.22 μm 
polycarbonate syringe filter. 
 
 
 
 Figure 2. DGGE analysis of bacterial 16S rDNA fragments from separate coral 
compartments and adjacent environmental samples. The samples were as follows, 
with intermittent marker lanes allowing for direct comparison between gels: 1 – 3 
Milked Mucus, 4 – 7 Blasted Tissue, 8 – 10 Coral Skeleton, 11 – 13 Complete Corals, 
14 – 17 1
st
 Round Snot Sucked (1
st
 RSS), 18 – 21 2
nd
 Round Snot Sucked (2
nd
 RSS), 
22 – 25 Sediment and 26 – 28 Swabs 29 – 31 Water Column. 
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 Figure 3. (a) Multidimensional scaling (MDS) plot showing changes in bacterial 
communities from various compartments associated with a coral and adjacent 
environmental samples, SIMPROF cluster analysis showed greatest differences 
between samples and contour line represents Bray Curtis similarity of 45 % between 
sample profiles (b-g) show 16S rDNA bacterial ribotypes that caused similarities of 
differences between sample types (closest relative and band no. in relation to DGGE 
image and sequence table ID, see Fig 2 and Table 4) regarding percentage 
contribution of dissimilarity among samples (b) α proteobacteria (Band 11) (c) 
Pseudidiomarina sediminum (Band 20) (d) Klebsiella sp. (Band 1) (e) Bacteroidetes 
bacterium (Band 40) (f) Pseudidiomarina elyakovii (Band 25) (g) Roseobacter sp. 
(Band 22) 
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 Figure 4.   Bacterial species richness/diversity between coral compartments and 
environmental samples (Shannon-Weiner diversity). Milked Mucus (MM), Blasted 
Coral Tissue (BCT), Coral Skeleton (CS), Complete Corals (CC), 1
st
 Round Snot 
Sucked (1
st
 RSS), 2
nd
 Round Snot Sucked (2
nd
 RSS), Sediment (SED), Swabs (SWB) 
and Water Column (WC). 
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 Table 1. Different methods of collection of coral samples in recent studies for 
compositional analysis and the major compartments likely to be sampled (minor 
potential contamination in brackets)(Ducklow & Mitchell 1979b, Ducklow & 
Mitchell 1979a, Daumas et al. 1981, Coffroth 1990, Cooney et al. 2002, Rohwer et al. 
2002, Pantos et al. 2003, Wild et al. 2004, Guppy & Bythell 2006, Allers et al. 2008, 
Lampert et al. 2008, Sharon & Rosenberg 2008, Shnit-Orland & Kushmaro 2009) 
 
 Method of coral sampling Compartments sampled: Major (minor) Source
Crushed whole coral mucus, tissue, skeleton Cooney et al. (2002), Pantos et al (2003)
Scraping of surface mucus, tissue, (skeleton) Shnit-Orland & Kushmaro (2009)
Waterpicked/airbrushed mucus, tissue Rohwer et al. (2002), Sharon, & Rosenberg (2008)
Swabs mucus, (tissue, water) Guppy & Bythell (2006); Lampert et al. (2008)
Syringe aspiration mucus, water, (tissue) Ducklow & Mitchell (1979), Coffroth (1990)
Air exposure (milked mucus) mucus Daumas et al. (1981), Wild et al. (2004), Allers et al. (2008)
Coral held in incubation chambers and seawater collected mucus, water Means & Sigleo (1986) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 2.  PERMANOVA main test between all coral compartments and 
environmental samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source df    SS     MS F p VC
Sa 8 50639 6329.9 6.894 0.001 60.3
Res 26 23873 918.18                39.7
Total 34 74512                            
 Table 3. Comparison of bacterial communities within separated coral compartments 
and environmental samples. Bray Curtis average similarity (%) and pairwise 
PERMANOVA (p- value). Milked Mucus (MM), Blasted Coral Tissue (BCT), Coral 
Skeleton (CS), Complete Corals (CC), 1
st
 Round Snot Sucked (1
st
 RSS), 2
nd
 Round 
Snot Sucked (2
nd
 RSS), Sediment (SED), Swabs (SWB) and Water Column (WC). 
     t p-value Average Siimilarity
2RSS 2.19 0.03 33.99
1RSS 3.22 0.03 40.47
CS 3.97 0.03 29.47
CCO 3.64 0.03 29.80
BCT 4.15 0.04 36.36
MMU 5.10 0.04 23.95
SWB 3.79 0.03 30.57
SED 2.29 0.03 28.16
1RSS 1.38 0.03 44.71
CS 2.37 0.03 26.36
CC 2.17 0.03 28.42
BCT 2.08 0.03 35.66
MM 2.24 0.03 28.04
SWB 2.27 0.04 27.36
SED 1.51 0.03 27.52
CS 2.75 0.03 40.13
CC 2.77 0.03 36.34
BCT 2.76 0.04 45.80
MM 3.56 0.02 31.80
SWB 3.40 0.03 28.14
SED 2.03 0.03 29.84
CC 0.99 0.48 62.44
BCT 2.97 0.03 43.08
MM 2.69 0.03 46.02
SWB 3.41 0.03 28.02
SED 2.25 0.03 24.81
BCT 3.02 0.04 38.32
MM 2.26 0.03 48.39
SWB 2.99 0.03 31.43
SED 2.31 0.02 22.20
MM 3.71 0.05 40.53
SWB 4.09 0.03 24.32
SED 2.72 0.04 18.87
SWB 3.79 0.04 25.91
SED 2.51 0.03 16.80
SWB SED 1.90 0.03 35.91
BCT
MM
WC
COMPARTMENTS
2RSS
1RSS
CS
CC
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Table 5 PERMANOVA comparing diversity between coral compartments and 
environmental samples 
 
Source df     SS        MS F p CV
Sa 8 4.6341 0.57927 24.264 0.001 70.98
Res 26 0.6207 2.39E-02                29.01
Total 34 5.2548                          
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Table 6 Pairwise tests of PERMANOVA (Table 5) showing differences in 
diversity between coral compartments and environmental samples. Milked 
Mucus (MM), Blasted Coral Tissue (BCT), Coral Skeleton (CS), Complete Corals 
(CC), 1
st
 Round Snot Sucked (1
st
 RSS), 2
nd
 Round Snot Sucked (2
nd
 RSS), Sediment 
(SED), Swabs (SWB) and Water Column (WC). 
 
Compartments       t P(perm)  perms
WC, 1st RSS 3.0365 0.036 35
WC, 2nd RSS 2.0155 0.08 35
WC, CC 13.874 0.031 35
WC, CS 9.591 0.039 35
WC, BCT 4.6609 0.032 35
WC, MM 21.483 0.034 35
WC, SWB 6.1879 0.031 32
WC, SED 9.2419 0.035 35
1st RSS, 2nd RSS 3.3815 0.036 35
1st RSS, CC 10.655 0.028 35
1st RSS, CS 8.9127 0.028 35
1st RSS, BCT 5.8615 0.024 32
1st RSS, MM 12.547 0.031 35
1st RSS, SWB 7.2286 0.026 35
1st RSS, SED 9.7213 0.029 35
2nd RSS, CC 2.0691 0.112 35
2nd RSS, CS 1.4584 0.252 35
2nd RSS, BCT 0.22396 0.84 34
2nd RSS, MM 3.3491 0.073 35
2nd RSS, SWB 2.2296 0.054 35
2nd RSS, SED 3.5041 0.032 35
CC, CS 1.7039 0.16 34
CC, BCT 6.402 0.037 35
CC, MM 8.4455 0.028 35
CC, SWAB 0.8823 0.452 34
CC, SED 3.1037 0.042 35
CS, BCT 4.0981 0.026 32
CS, MM 7.1253 0.029 34
CS, SWB 1.5783 0.207 35
CS, SED 3.7857 0.025 35
BCT, MM 11.26 0.028 35
BCT, SWB 3.72 0.027 35
BCT, SED 6.22 0.024 35
MM, SWB 1.3313 0.309 35
MM, SED 0.23681 0.884 35
SWB, SED 1.3863 0.278 35  
 
